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Mixing performanceThis study presents a novel technique for the controllable preparation of BaSO4 nanoparticles via the intro-
duction of microbubbles into the reaction system. A high-concentration system based on barite industry
was used, with saturated aqueous Na2SO4 and BaS solutions as the reactants. Microbubbles were generated
by a membrane dispersion microreactor. The mixing performance was characterized using parallel compet-
ing reactions. The effects of various operation parameters on the nanoparticles were determined, and the
reaction conditions were optimized. The results showed that the mixing performance could be improved
by introducing microbubbles. The BaSO4 nanoparticles were controllably prepared, with a relatively narrow
size distribution. The average particle size could likewise be reduced to approximately 40 nm. A dimension-
less micromixing scale of the microbubble ﬂow was deﬁned, and a model for predicting the BaSO4 particle
size was proposed. The calculated results were consistent with the experimental data.
© 2013 The Authors. Published by Elsevier B.V. All rights reserved.1. Introduction
Barium sulfate (BaSO4) is an important inorganic chemical that is
primarily used in the ﬁlling materials and additives of plastics, paints,
cosmetics, ceramics, pigments, and paper, among others [1,2]. Nano-
sized BaSO4 particles (b100 nm), in particular, exhibit outstanding
properties that are primarily useful in high-class resin and rubber
[3]. The traditional techniques for BaSO4 industrial production include
(1) precipitation between a saturated BaS aqueous solution (generated
from the calcination of barite and coal) and a saturated Na2SO4 aqueous
solution, (2) ball milling of the barite raw material, and (3) a reaction
between aqueous solutions of BaCO3 (generated from the high-
temperature solid-phase synthesis of barite and Na2CO3) and H2SO4.
The ﬁrst of these routes is the most widely used in the industrial
production of BaSO4 nanoparticles, with Na2SO4 and BaS as the raw
materials [4] (Fig. 1a). The reaction formula is shown as follows:
BaSþ Na2SO4→BaSO4þNa2S: ð1Þ
However, inefﬁcient mixing and high reactant concentrations of the
said reaction system make it very difﬁcult to produce nanoparticles
with a narrow particle size distribution. The technique requires higherms of the Creative Commons
permits non-commercial use,
the original author and source
+86 1062780304.
blished by Elsevier B.V. All rights reenergy consumption, and the resulting BaSO4 products are low-
quality micro-sized particles (with a minimum size of approximately
1 μm) [5].
Microﬂuidics has become one of the best strategies for effective
mixing during nanoparticle synthesis [6–8]. Microﬂuidic devices
have several advantages with respect to nanoparticle preparation,
such as their uniform ﬂow and mixing conditions [9,10]. BaSO4
nanoparticles have been successfully synthesized using microﬂuidic
techniques [11]. However, these strategies usually employ BaCl2 as
the reactant, instead of the industrial raw material BaS. Furthermore,
synthesis occurs at low concentrations and feed rates, which makes
their scale-up from the laboratory to commercial production uneco-
nomical [12]. On the other hand, theoretical models have been devel-
oped for BaSO4 precipitation systems. Cheng et al. [13] utilized
computational ﬂuid dynamics (CFD) to simulate the nucleation and
growth of BaSO4 nanoparticles in a continuously stirred tank. Wei
et al. [14], Rousseaux et al. [15], Baldyga et al. [16], and other investi-
gators have reported similar results. Most of the models used popu-
lation balance methods to predict the nucleation, growth, and
agglomeration of nanoparticles [31]. The accuracy of the model has
been objectively conﬁrmed for predicting the nanoparticle sizes of
BaSO4, ZnO, and other organicmaterials [32,33]. However, models com-
bining the mass transfer process and particle formation have not been
analyzed to the same extent, particularly for precipitation under differ-
ent mixing conditions.
The technology of BaSO4 preparation using high concentrations of
BaS and Na2SO4 is important in terms of atom economy because the
Na2S product is an important chemical for dyeing and leather produc-
tion; such a process sufﬁciently utilizes existing raw materials [17].served.
Fig. 1. (a) The industrial technique for producing BaSO4 with BaS and Na2SO4; (b) the solubility of BaS and Na2SO4 in water under different temperatures.
Fig. 2. The experimental set-up. (1) Preparation of BaSO4 nanoparticles, Feed A: satu-
rated Na2SO4 solution, Feed B: saturated BaS solution; (2) characterization of the
mixing performance, Feed A: the solution containing KI, KIO3, NaH2BO3 and H3BO3,
Feed B: diluted sulfuric acid solution.
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induced by microbubbly ﬂow interactions have attracted much atten-
tion [18,19]. Hydrodynamic interaction occurs in the gas–liquid ﬂow,
which increases the contact area for rapid mixing and homogeniza-
tion [20,21]. No impurities are introduced in the mixing ﬂuids, and
the bubbles of the nitrogen/inert gas may be conveniently separated.
In our previous study, a membrane dispersion microreactor was de-
veloped and successfully used to prepare nanoparticles in homoge-
neous and heterogeneous mixing systems [22–24]. The mixing scale
of the liquid–liquid homogeneous ﬂow and the process of nanoparti-
cle preparation in the said membrane dispersion microreactor were
modeled [25,26].
In this study, a novel method for the preparation of BaSO4 nano-
particles has been developed using double membrane dispersion.
The saturated BaS and Na2SO4 solutions were selected as the reac-
tants for the preparation of BaSO4 nanoparticles. Microbubbles of N2
gas were introduced into the reaction system to enhance the mixing
performance of the proposed method. The mixing performance was
characterized using parallel competing reactions to explore the inﬂu-
ence of the microbubbles. A dimensionless micromixing scale of the
microbubbly ﬂow was proposed and demonstrated.
2. Materials and experimental procedures
Based on the existing conditions of industrial production, saturated
Na2SO4 and BaS solutions at different reaction temperatures were cho-
sen as the raw materials. The solubility of these two reactants is
temperature-sensitive, as shown in Fig. 1b. The solubility of BaS changes
from 2.9 g to 35.8 g for every 100 g of water, whereas that of Na2SO4
changes from 4.9 g to 44.5 g for every 100 g of water. Thus, the concen-
tration increases with the temperature, and the synthesis process re-
quires effectivemixing performance for the high-concentration system.
2.1. Preparation of BaSO4 nanoparticles
The experimental set-up is shown in Fig. 2, where two membrane
dispersion microdevices were used. Micro-ﬁltration membranes
(purchased from the Central Iron & Steel Research Institute, Beijing,
PR China)were introduced to the systems; thesemembranes had an av-
erage pore size of 0.5 μm, an area of 12.5 mm2, and a porosity of 65%.
The geometric size of themain channel was 20 mm × 2 mm × 0.5 mm
(length × width × height). BaSO4 preparation was performed in two
modes. Mode I involved the introduction of the N2 gas (99.999%,
0.3 MPa) microbubbles; both Devices 1 and 2 were used. Mode II
was performed without the gas microbubbles, and only Device 2 was
employed.In Mode I, the Na2SO4 solution (0.15 mol·L−1 to 0.32 mol·L−1)
was ﬁrst introduced as the continuous feed, which was mixed with
the N2 gas (0.3 MPa) in Device 1. The pressure difference between
the two sides of the membrane was utilized as the driving force to
disperse the N2 gas as microbubbles in the continuous feed. The
gas-mixed Na2SO4 solution was then mixed with the dispersed feed
of the BaS solution (0.5 mol·L−1 to 2.2 mol·L−1) in Device 2. The
BaSO4 nanoparticles were synthesized when the two feeds interacted
with each other in the mixing chamber. After aging treatment for 1 h,
the BaSO4 precipitates were separated from the suspension using a
centrifugal separator (LD5-2A; Beijing Medical Centrifugal Separator
Factory). The BaSO4 precipitates were washed thrice with distilled
water, twice with ethanol, and then incubated in a drying cabinet at
100 °C for 24 h to obtain the ﬁnal BaSO4 product.
The morphologies of the nanoparticles were recorded by trans-
mission electron microscopy (TEM). A JEOL-2010 microscope with a
high speed CCD video camera was used to record and measure the di-
ameter of the microbubbles at magniﬁcations of 20× to 200×. The
crystal form of the nanoparticles was characterized by X-ray diffrac-
tion analysis (XRD; Rigaku Corporation D/max-RB).
2.2. Mixing performance
The “Villermaux/Dushmanmethod”was utilized to characterize the
mixing performance in the preparation process, with or without the
62 L. Du et al. / Powder Technology 247 (2013) 60–68introduction of microbubbles [27]. The following reaction formulas
were involved:
H2BO
−
3 þHþ→H3BO3 quasi‐instantaneousð Þ ð2Þ
5I−þIO−3 þ6Hþ→3I2þ3H2O fastð Þ ð3Þ
I2þI−↔I−3 : ð4Þ
The absorbance of the product triiodide was measured by spectro-
photometry (UV–vis recording spectrophotometer, UV-8345; Hewlett–Fig. 3. Effects of feed ﬂow rates, concentrations, and temperature on the segregation inde
64 mL·min−1; (b) BaS 2.12 mol·L−1, Na2SO4 0.32 mol·L−1, FC = 120 mL·min−1; (c) N
(e) Na2SO4 0.18 mol·L−1, FC = 120 mL·min−1, FD = 64 mL·min−1.Packard) at 353 and 286 nm. The segregation index XS was deﬁned
based on the absorbance values, as
XS ¼
Y
YST
¼
CI2 þ CI−3
 
V
nHþ ;0
6CIO−3 ;0 þ CH2BO−3 ;0
3CIO−3 ;0
 !
ð5Þ
where n and C are the number of moles and molar concentration of the
subscript species, respectively; the subscript “0” represented their ini-
tial state. Y is the ratio of the number of moles of the acid consumed
in the reaction (Eq. (2)) to the total number of moles of the acid. YST
is the value of Y when the mixing process is inﬁnitely slow. The value
of XS lies between 0 and 1, which decreases with the improvement ofx and size of BaSO4 nanoparticles: (a) BaS 2.12 mol·L−1, Na2SO4 0.32 mol·L−1, FD =
a2SO4 0.32 mol·L−1, FD = 48 mL·min−1; (d) BaS 0.88 mol·L−1, FD = 48 mol·L−1;
Fig. 4. TEM images of BaSO4 nanoparticles synthesized at different concentrations. (a) BaS 0.48 mol·L−1, Na2SO4 0.16 mol·L−1; (b) BaS 0.62 mol·L−1, Na2SO4 0.18 mol·L−1;
(c) BaS 0.88 mol·L−1, Na2SO4 0.22 mol·L−1; (d) BaS 1.16 mol·L−1, Na2SO4 0.25 mol·L−1; (e) BaS 1.64 mol·L−1, Na2SO4 0.30 mol·L−1; (f) BaS 2.12 mol·L−1, Na2SO4 0.32 mol·L−1.
Fig. 5. (a) Effects of gas ﬂow rate on XS at different continuous ﬂow rates; (b) effects of gas ﬂow rate on dG, d32 and XS, BaS 2.12 mol·L−1, Na2SO4 0.32 mol·L−1, FC = 120 mL·min−1,
FD = 48 mL·min−1.
Fig. 6. Microscope images of microbubbles and TEM images of BaSO4 nanoparticles. FC = 120 mL·min−1, FD = 48 mL·min−1, BaS 2.12 mol·L−1, Na2SO4 0.32 mol·L−1: (a) FG =
50 mL·min−1; (b) FG = 75 mL·min−1; (c) FG = 150 mL·min−1; (d) FG = 300 mL·min−1.
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64 L. Du et al. / Powder Technology 247 (2013) 60–68mixing performance. XS = 0 when there is perfect mixing; XS = 1 in a
completely segregated medium.
The mixing performance was mainly inﬂuenced by the operating
conditions. Two reactant solutionswere pumped into themicrodevices,
and the parallel competing reactionwas then conducted to characterize
the mixing performance. The competing reaction involved a dilute sul-
furic acid solution as the dispersed solution in Feed B and a solution
containing KI, KIO3, NaH2BO3, and H3BO3 as the continuous solution in
Feed A.Fig. 7. (a–d) Particle size distributions of BaSO4 nanoparticles: (a) BaS 2.12 mol·L−1, Na
Na2SO4 0.30 mol·L−1, FC = 100 mL·min−1, FD = 50 mL·min−1; (c) BaS 2.12 mol·L−1, Na2S
1.64 mol·L−1, Na2SO4 0.30 mol·L−1, FC = 40 mL·min−1, FD = 25 mL·min−1 FG = 60 mL·m
and G–L–L ﬂow (2) correspond to the conditions in panels a to d, respectively.3. Results and discussion
3.1. Single-phase precipitation without microbubbles
The preparation was ﬁrst performed without microbubbles using
Device 2 alone. The inﬂuence of the operating conditions on the
mixing performance and particle size was investigated.
The curves of XS varied with the ﬂow rate in the microreactor
(Fig. 3a and b). The XS and particle size decreased with the increasing2SO4 0.32 mol·L−1, FC = 100 mL·min−1, FD = 50 mL·min−1; (b) BaS 1.64 mol·L−1,
O4 0.32 mol·L−1, FC = 40 mL·min−1, FD = 25 mL·min−1 FG = 60 mL·min−1; (d) BaS
in−1; (e) XRD patterns of BaSO4 powders: L–L ﬂow (1), L–L ﬂow (2), G–L–L ﬂow (1),
Fig. 8. (a) Effect of reaction temperature on the size of BaSO4 nanoparticles at different
concentrations and XS; (b) segregation index varies with the dimensionless micro-
mixing scale at different mixing conditions: L–L ﬂow (1) represents 5 μm stainless
steel membrane with FD of 16.3 mL·min−1, L–L ﬂow (2) represents 5 μm stainless
steel membrane with FC of 65.3 mL·min−1, [25] bubbly ﬂow is according to FG of
200 mL·min−1, FC of 120 mL·min−1 and FD of 48 mL·min−1.
Table 1
Comparison with different strategies to synthesize BaSO4 particles.
Method Reactants Concentrations
(mol·L−1)
Particle size
(nm)
Industrial batch reactor [4] BaS
Na2SO4
2.12
0.32
1000–2000
Microreactor [12] BaCl2
Na2SO4
0.1–1.0
0.1
12–40
Microreactor [30] BaCl2
Na2SO4
0.5
0.1
300–400
Microbubbly ﬂow (in this study) BaS
Na2SO4
2.12
0.32
40–60
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continuous feed ﬂow rate provides a strong cross-ﬂow shearing force,
which reduces themixing scale and shortens themass transfer distance
[28]. However, XS will not continue to decrease with the increased con-
tinuousﬂow rate unless there is efﬁcientmixing. The BaSO4 particle size
still ranged from 110 nm to 200 nm. However, the XS and particle size
did not signiﬁcantly change with the ﬂow rate of the dispersed solution
(Fig. 3b). The disturbance of the mixture was enhanced and the mass
transfer was strengthened when the ﬂow rate of the dispersed solution
was increased. However, the particle size of dispersed phasewas simul-
taneously increased, which may decrease the mass transfer rate.
The particles were prepared in a wide range of reactant concentra-
tions, as shown in Fig. 3c and d. The concentration of the BaS solution
signiﬁcantly inﬂuenced the particle size (Fig. 3c). However, the inefﬁ-
cientmixing at the concentration of 2.12 mol·L−1 caused an incomplete
reaction, and the particles continued to grow after mixing. By contrast,
the Na2SO4 solution did not greatly inﬂuence the particle sizewithin the
relatively smaller range (Fig. 3d). Precipitation was performed with the
saturated BaS solutions of 20, 30, and 40 °C under different tempera-
tures, as shown in Fig. 3e. The particle size was not affected by the reac-
tion temperature because of the rapid precipitation of nanoparticles.
The TEM images of the BaSO4 particles synthesized at different
concentrations (Fig. 4) indicate that the nano-sized BaSO4 particles
can be prepared with single phase precipitation in the membrane dis-
persion microdevice. When the reactant concentration was increased,
more particles with large sizes were generated, agglomeration simul-
taneously occurred, and the particle sizes became uneven. In other
words, the particle size was synchronously increased with the super-
saturation of BaSO4, which played a leading role for the particles gen-
erated from precipitation [2,3,26]. The quality of the nanoparticles
was signiﬁcantly affected by the mixing performance, especially
for the high-concentration systems based on industrial conditions.
Thus, increasing the production capacity of the unit equipment can
reduce the energy consumption and the amount of water. However,
the mixing performance during synthesis still needs to be improved.
3.2. Preparation of BaSO4 nanoparticles with the introduction
of microbubbles
The introduction of microbubbles was hypothesized to increase
the micromixing performance. Thus, two devices were used to inves-
tigate the inﬂuence of microbubbles on the mixing performance and
particle size.
The curves of XS varied with the ﬂow rates, as shown in Fig. 5a. XS
was greatly reduced after the microbubbles were introduced to the
system. The XS of the heterogeneous system (gas–liquid–liquid) was
reduced by 30% to 80%, as compared with that of the homogeneous
system (liquid–liquid). XS was one to two orders of magnitude small-
er with the presence of microbubbles, as compared with the tradi-
tional mixing process [29]. Thus, the mixing performance was
signiﬁcantly improved by the introduction of microbubbles. Given
the same total average ﬂow rate, the XS of the heterogeneous system
(Fig. 5a) was much smaller than that of the homogeneous system
(Fig. 3b), thereby indicating the enhancing effect of the introduced
microbubbles.
The effects of the gas ﬂow rate on the microbubble and particle size
are shown in Fig. 5b. Large microbubbles were generated at low gas
ﬂow rates, and the nanoparticle quality was improved. The increasing
gas ﬂow rate apparently reduced the bubble size; the smallest bubble
diameter was reduced to approximately 40 nm to 60 nm. After the
gas volume fractionwas increased to 48%, the size of the bubbles started
to increase, which may be attributed to bubble coalescence. XS was not
increased despite the occurrence of coalescence, and the nanoparticle
sizes were not increased. These results demonstrated that the particle
size was primarily affected by the mixing efﬁciency, whereas the coa-
lesced bubbles were important for turbulence and the secondary ﬂow.The micrographs of the microbubbles and the TEM images of
nanoparticles at different gas ﬂow rates are presented in Fig. 6. The
introduction of the gas improved the monodispersity of the particles.
The particles in the heterogeneous system were much smaller than
those of the homogeneous precipitation at the same concentration.
The particle size distributions from different heterogeneous reaction
systems are shown in Fig. 7a to d. These results showed the narrow
size distributions and smaller average sizes from the heterogeneous
precipitation systems. The resulting XRD pattern is shown in Fig. 7e,
which indicates that the BaSO4 particles are crystals of an orthorhom-
bic system and no characteristic peaks of BaS or Na2SO4 have been
detected.
The inﬂuence of temperature on heterogeneous precipitation was
likewise investigated, as shown in Fig. 8a. The particle size was not sig-
niﬁcantly affected by temperature for the same reactant concentrations
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uous synthesis, the relatively short residence times hadminimal effects
on particle growth. The particle sizewas primarily inﬂuenced by the re-
actant concentration and mixing performance.
The preparation of the BaSO4 nanoparticles with a microreactor
was compared with other typical strategies, including the industrial
technique [4,12,30]. The results of this comparison are summarized
in Table 1. The dispersed microbubbly ﬂow was excellent for both re-
actant categories and concentrations. The average particle sizes of the
proposed system were comparable to those of other techniques that
used BaCl2 as the reactant. Furthermore, the concentration of the pro-
posed method was 3 to 12 times higher than those of the other strat-
egies. The proposed process could be continuously performed and
controlled with relatively simple methods.
3.3. Modeling of the process with microbubbles
For the purpose of utilizing the classic precipitation model to de-
scribe the preparation of the proposed heterogeneous system, the
process with microbubbles was modeled. Our previous work pro-
posed a dimensionless micromixing scale (L⁎) of the liquid–liquid
phase, which is deﬁned as follows [25]:
L ¼ uD
uT
¼ uD
uD þ uC
ð6Þ
where uD and uC are the ﬂow velocities of the dispersed and the contin-
uous solutions, respectively. The relationship between themicromixing
scale and XS was approximately linear, which could be described as
Xs ¼ Xs0 þ K  L ð7Þ
The values of K = 0.18 and Xs0 = 0.0055 were obtained for the
membrane dispersion reactor. The inﬂuence of the gas ﬂow rate, gasFig. 9. Particle number density distribution under differentvolume fraction, equivalent diameter, and bubble size upon the intro-
duction of microbubbles were considered to modify the micromixing
scale, which can be represented as
L ¼ uD
uT
 SMR
SMR þ 4πR2G 
ΦVMR
4
3
πR3G
¼ 1−Φð ÞuD
uD þ uC
 1
1þ 3ϕde=2dG
ð8Þ
whereΦ and de are the gas volume fraction and the equivalent diameter
(0.8 mm in the microreactor), respectively. The enhancement of the
mixing performance was mainly reﬂected in the form of modiﬁed
ﬂow rates, and the ratio between the bubble size and equivalent diam-
eter of the pipe. To verify the accuracy of the modiﬁed dimensionless
micromixing scale, XS and the corresponding L⁎ were calculated at
different operating conditions, as shown in Fig. 8b. Compared with the
results of the homogeneous system, the dimensionless micromixing
scale was apparently reduced by the introduction of microbubbles.
The results demonstrated that themodiﬁed dimensionlessmicromixing
scale was relatively precise. Furthermore, the mixing processes of the
aqueous solution-based systems were similar. No other phase was
introduced.
Based on themodiﬁed dimensionlessmicromixing scale L⁎, the novel
method of BaSO4 nanoparticle preparation proposed in this paper was
modeled. In our previous work, a proposed model was used to calculate
the precipitation of BaSO4 nanoparticles [26]. Combining the modiﬁed
L⁎and the precipitation model of BaSO4 nanoparticles, the density
distribution of the number of particles under smaller mixing scales was
calculated, as shown in Fig. 9. The calculation was based on the classic
precipitation theory and the population balance model as well as the
presented parameters. The evolution of the particle number density
can be clearly observed in every stage, as shown in Fig. 9. The total num-
ber of particles increased rapidly in the nucleation stage. With the
microbubbles, L⁎ could be reduced to 0.0016, which was almost 90%mixing scales, BaS 2.12 mol·L−1, Na2SO4 0.32 mol·L−1.
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material was consumed in the nucleation stage, which caused few parti-
cles to grow after the efﬁcient mixing. The reaction time in the precipita-
tion processwas similarly reduced by the enhancedmixing performance.
The distribution density function can be calculated from the density
distribution of the number of particles. The comparison of the calculated
results with the experimental data is presented in Fig. 10a to d. The
calculated results were relatively consistent with the experiments.
The inﬂuence of the gas ﬂow rate and the reactant concentration on
the mean particle size are illustrated in Fig. 10e and f, respectively,
where the calculated results were consistent with the experimental
data. Efﬁcient mixing could adequately utilize the large supersaturation
ratio, which caused the explosive nucleation and producedmuch small-
er particles. The trends of the particle size variation were similarly con-
sistent with the experimental results. Thus, the model could reasonably
describe the BaSO4 precipitation process of the microbubble system.
However, this model still requires further research because of several
assumptions that were made, such as the inﬂuence of the chemical
reaction and mass transfer on the mixing scale.Fig. 10. The comparison of calculated distribution density function and average particle siz
150 mL·min−1, FC = 120 mL·min−1, FD = 48 mL·min−1.4. Conclusions
Efﬁcient mixing performance was achieved by introducing micro-
bubbles into the working system with the membrane dispersion
microreactor for nanoparticle synthesis. Consequently, high-quality
BaSO4 nanoparticles were successfully prepared at high reactant con-
centrations. The effects of the operating conditions on the mixing per-
formance and particle size were investigated. The dispersed bubble
size could be reduced to approximately 40 μm to 60 μm using high
gas volume fraction. The mixing performance could be enhanced by
continuously increasing the gas ﬂow rate, despite bubble coalescence.
The BaSO4 nanoparticles were controllably prepared, with an average
size of 40 nm. By contrast, only a minimum size of 1 μmwas achieved
in the barite industrial process. A dimensionless micromixing scale of
the microbubbly ﬂow was deﬁned, and a model for the BaSO4 precip-
itation process was proposed to predict the BaSO4 particle size. The
model was conﬁrmed to be consistent with the experimental data.
Therefore, the proposed process with its rapid microreaction could
be easily scaled up, with great potential for its large-scale application.e with experimental results: (a–e) BaS 2.12 mol·L−1, Na2SO4 0.32 mol·L−1; (f) FG =
68 L. Du et al. / Powder Technology 247 (2013) 60–68Notation
cC mole concentration of continuous feed, mol·L−1
cD mole concentration of dispersed feed, mol·L−1
d32 Sauter mean particle diameter, nm
dG diameter of microbubbles, μm
de equivalent diameter of the microreactor, mm
FC ﬂow rate of continuous feed, mL·min−1
FD ﬂow rate of dispersed feed, mL·min−1
FG ﬂow rate of N2 gas, mL·min−1
L⁎ dimensionless micromixing scale
uC ﬂow velocity of continuous feed, m·s−1
uD ﬂow velocity of dispersed feed, m·s−1
uG ﬂow velocity of N2 gas, m·s−1
XS the segregation index
Φ gas volume fraction, %
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